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Sodium uranateThe vaporization behavior and decomposition mechanism of NaUO3 were studied using Knudsen effusion
mass spectrometry. The temperature dependence of the sodium partial pressure over the ternary phase
ﬁeld NaUO3–Na2U2O7–UO2 was measured for the ﬁrst time: logðPNa=PaÞ ¼ 10:98ð0:04Þ
14;999ð50Þ=ðT=KÞ. The enthalpy of formation of a-Na2U2O7 was moreover derived from second law
analysis of the data at DfH
o
mða-Na2U2O7; cr; T ¼ 298:15 KÞ = (3208.4 ± 5.5) kJ mol1, in very good
agreement with the value reported in the literature from solution calorimetry. The existence of three
polymorphs for Na2U2O7 (a, b, and c) was conﬁrmed using high temperature X-ray diffraction. The two
phase transitions occur above about T = 600 K, and around T = 1323 K, respectively. Our results were
ﬁnally assessed with respect to similar vaporization studies carried out in neighboring ternary phase
ﬁelds of the Na–U–O phase diagram.
 2015 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Considerable interest has existed since the 1960s for the charac-
teristics of the sodium uranate phases because of their technolog-
ical importance for Sodium-cooled Fast Reactors (SFRs). From
safety perspectives, it is essential to have a thorough knowledge
of the chemistry of the nuclear fuel-sodium coolant interaction
as the two might come into contact in the event of a breach of
the stainless steel cladding. (U,Pu) O2 mixed oxide fuel is currently
the preferred option for SFRs, and as such, the structural [1,2], ther-
modynamic [3–8], magnetic [9–11], and spectroscopic [12–19]
properties of the Na-U-O and Na-Pu-O ternary compounds
have been investigated in the past. The potential products of inter-
action are numerous: (Na3UO4,NaUO3,Na2UO4,Na4UO5,Na2U2O7,
Na6U7O24) [20–23,1,24,25], and (Na2PuO3,Na3PuO4,Na6PuO5,
Na4Pu2O5,Na4PuO5,Na5PuO6) [1,2,26] for the ﬁrst and second sys-
tems, respectively, but not all well characterized.
Knudsen effusion mass spectrometry is a powerful technique
for the study of the vaporization behavior, thermal stability, anddecomposition mechanism of those phases at high temperatures
[27–30]. Battles et al. [27] studied the Na–U–O system using
combined Knudsen effusion mass loss (KEML) and Knudsen effu-
sion mass spectrometry (KEMS). The authors looked at the
dissociation path of Na3UO4 through Na(g) and O2(g) vaporiza-
tion, and derived the sodium and oxygen potentials over the ﬁve
ternary phase ﬁelds Na–UO2–Na3UO4, UO2–NaUO3–Na3UO4,
NaUO3–Na4UO5–Na3UO4, NaUO3–Na2UO4–Na4UO5, and NaUO3–
Na2UO4–Na2U2O7. Later, Jayanthi et al. [28] and Pankajavelli
et al. [29] studied the NaUO3–Na2UO4–Na2U2O7 and NaUO3–
Na2U2O7–Na6U7O24 phase ﬁelds, combining KEML/KEMS and the
transpiration technique with electro motive force (emf) measure-
ments so as to derive the molar Gibbs energies of formation of
NaUO3 and Na6U7O24.
In the present work, the decomposition path of NaUO3 was
investigated by Knudsen effusion mass spectrometry. The sodium
potential was measured for the ﬁrst time over the ternary phase
ﬁeld NaUO3–Na2U2O7–UO2, and the enthalpy of formation of
a-Na2U2O7 was determined from second and third law treatment
of the data. The polymorphism of Na2U2O7 was moreover investi-
gated using high temperature X-ray diffraction: the transitions to
the b and c phases suggested in the literature were conﬁrmed,
and the coefﬁcients of thermal expansion of b-Na2U2O7 were
determined for the ﬁrst time in the temperature range (748 to
1223) K.
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2.1. Materials
The NaUO3 material was kindly provided by NRG (Nuclear
Research and Consultancy Group, Petten, The Netherlands).
a-Na2U2O7 was synthesized as described in another publication
by reaction between depleted uranium dioxide (238UO2 from
JRC-ITU stocks) and sodium carbonate (Na2CO3 99.95%, Sigma)
mixed in stoichiometric amounts [25]. The purity of the samples
were checked using X-ray powder diffraction at room temperature
and ICP-MS analysis (table 1). NaUO3 crystallizes in the
orthorhombic system, in space group Pbnm. The structure of
a-Na2U2O7 was recently re-assessed by IJdo et al. using neutron
diffraction, and found monoclinic (Z = 4), in space group P21=a
[24], and not P21 as reported in [25]. The ICP-MS analyses yielded
sodium to uranium molar ratios of (0.999 ± 0.011) at/at and
(1.029 ± 0.011) at/at for NaUO3 and a-Na2U2O7, respectively. 1
2.2. Mass spectrometric measurements
The experimental setup consists of a Knudsen effusion cell cou-
pled to a quadrupole mass spectrometer QMG422 (Pfeiffer Vacuum
GmbH), equipped with a cross beam electron bombardment ion
source, an axial faraday cup, and a 90 second electron multiplier
(SEM) detector connected to an electrometer. The mass spectrom-
eter covers the range of (1 to 512) amu. The Knudsen cell is placed
in a high temperature furnace heated by tungsten-coil heating ele-
ments, and is surrounded by seven cylindrical thermal shields
(three in tungsten, four in tantalum). The furnace is placed in a
high vacuum chamber (107 to 108 mbar). The whole apparatus,
speciﬁcally designed to study radioactive materials, is placed in a
5 cm thick lead shielded glove box. A schematic drawing of the
setup was given in another publication [30].
Experiments were carried out in tungsten cells under vacuum.
The temperature was increased gradually at a heating rate of
10 K/min, and the species vaporizing from the NaUO3 sample ana-
lyzed with the mass spectrometer at 30 eV ionization electron
energy.
The vapor pressure of species i in the gas phase, Pi, is related to
the intensity of the molecular beam recorded for the ion k formed
from species i; Iþik, to the actual temperature, T, and to a sensitivity
factor speciﬁc to ion k; Sik, as expressed in equation (1) [31]:
Pi ¼ Iþik  T=Sik: ð1Þ
The temperature, T, was calibrated by measuring the melting points
of standard materials (Zn, Cu, Fe, Pt, Al2O3), identiﬁed as small pla-
teaus on the vapor pressure curve.
The sensitivity factor, Sik, is furthermore related to an instru-
mental factor, Kg , independent of the ion detected, to the ion par-
tial ionization cross-section, rik, isotopic abundance, f ik, and to the
efﬁciency of the second electron multiplier, cik, according to:
Sik ¼ Kg  rik  cik  f ik: ð2Þ
All isotopic contributions were added before treatment of the data,
meaning f ik equals unity. For atomic species, the partial and total
ionization cross sections are identical. When molecular species
are involved, fragment ions might be formed in the gas phase next
to the parent ions, and should be accounted for in the data
treatment. The relation between partial and total ionization cross
sections is expressed as follows [32,31]:1 The uncertainties are expanded uncertainties U = k  uc where uc is the combined
standard uncertainty estimated following the ISO/BIPM Guide to the Expression of
Uncertainty in Measurement. The coverage factor is k = 2.ri ¼ rik 1þ
Iþfrag j=cik
Iþpar k=cij
þ    þ I
þ
frag n=cik
Iþpar k=cin
 !
; ð3Þ
where ri is the total ionization cross section for species i;rik the
partial ionization cross section for the ion k; Iþpar k the intensity of
the ionized parent k; Iþfrag j and I
þ
frag j the intensities of the fragment
ions j and n, and c the multiplier yield for each ion.
Combining relations (1), (2) and (3), one can express the partial
pressure of species i as a function of the total ionization cross sec-
tion and intensities of the parent and fragment ions:
Pi ¼ 1Kg  ri 
Iþpar k  T
cik
þ I
þ
frag j  T
cij
þ . . .þ I
þ
frag n  T
cin
 !
: ð4Þ
The atomic ionization cross-sections of sodium, uranium, and oxy-
gen were estimated using the program SIGMA [31,33,34] and data
of Mann [33]. The total ionization cross section of O2 was taken
from the experimental studies of Straub et al. [35]. The total
ionization cross sections of Na2O, UO, UO2, and UO3 were calculated
using the modiﬁed additive rule, as described by Deutsch et al.
[36,37] (rðUOÞ ¼ 13:18  1016 cm2, rðUO2Þ ¼ 11:41  1016 cm2,
rðUO3Þ ¼ 10:40  1016 cm2 at 30 eV). Finally, the efﬁciency of the
second electron multiplier was approximated to cik ¼ d=M1=2ik , where
Mik is the molar mass of ion k, and d is a constant, following Grimley
[38].
The instrumental factor, Kg , was estimated by vaporizing a
known quantity of silver together with the sample. Silver vaporizes
in the same temperature range as our studied material, has a
well-known vapor pressure [39], and stays relatively inert in the
system, which makes it an ideal reference material for calibration.
It is vaporized completely at about T = 1500 K. The sensitivity fac-
tor for silver, SAg, and therefore instrumental factor, Kg , can be
determined experimentally as a function of temperature, using
the ion intensities IAgþ of the silver isotopes
107Ag and 109Ag and
the vapor pressure data of Hultgren et al. [39]:
SAg ¼ IAgþ  T=PAg ¼ Kg  rAg  cAg  f Ag: ð5Þ
Knowing SAg, the partial pressure of species i is deduced by combin-
ing equations (2), (4) and (5):
Pi¼ rAgSAg ri M
1=2
Ag I
þ
park T M1=2parkþ Iþfragj T M1=2fragjþþIþfragn T M1=2fragn
 
:
ð6Þ
The partial pressure Pi of species i at temperature T is also related,
under Knuden-effusion conditions, to the mass loss Gi of species i
over a duration dt via the Hertz–Knudsen equation [31]:
Gi ¼ Pi  s  C  dt  Mi2  p  R  T
 1=2
; ð7Þ
where s is the effusion oriﬁce surface, C the Clausing factor, Mi the
molar mass, T the temperature, and R the ideal gas constant equal to
8.314462 J  K1 mol1. The effusion oriﬁce surface was calculated
from its diameter. The expression of Santeler [40] for a cylindrical
channel was used for the Clausing factor, as detailed in another
publication [41].
The combination of equations (6) and (7) yields the following
expression for the total mass effused Dmi ¼
P
Gi over a period of
effusion Dt ¼P dt (i.e. on a chosen number of time intervals):
Dmi ¼Hi 
X
Iþpark T1=2 M1=2parkþ Iþfrag j T1=2 M1=2frag jþ . . .þ Iþfrag n T1=2 M1=2fragn
 
; dt
with Hi¼ rAgSAg ri 
s C
ð2 p RÞ1=2
 Mi
MAg
 1=2
: ð8Þ
TABLE 1
Provenance and purity of the samples used in this study.
Formula Source State Color Mass fraction
Purity
Na2CO3 Sigma Powder White 0.9995
UO2 JRC-ITU stocks Powder Brown/black > 0.998
NaUO3 NRG Powder Brown > 0.995
Na2U2O7 Synthesized in-house Powder Orange > 0.99
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factor for silver, SAg, from the data of the initial weight of silver,
DmAg, loaded in the Knudsen cell. This second method yielded val-
ues of SAg in very good agreement with the determination (5) using
the data of Hultgren et al. [39].
The enthalpy of vaporization of silver, DvapH
o
mðAg; l; TÞ,
estimated in the present study with the second law of thermody-
namics for the equilibrium AgðlÞ ¼ AgðgÞ, was equal to
(260.5 ± 2.1) kJ mol1 for an average temperature of 1310 K along
the measurement. Extrapolated to room temperature, this yielded
an enthalpy of sublimation at (279.7 ± 2.1) kJ mol1, in very good
agreement with the value suggested by Hultgren et al. T = 298.15 K,
i.e. (284.1 kJ mol1) [39].
Ionization efﬁciency curves were ﬁnally recorded at speciﬁc
temperatures to get a better insight into the dissociation and
ionization mechanisms of the species monitored. Isothermal scans
of the ion intensities were obtained by increasing the cathodic
voltage stepwise by 0.5 eV. The applied cathodic voltage was
corrected as described previously [41,42] to give the effective
electron energy with errors corresponding to a standard deviation
of 1r.2.3. High temperature X-ray diffraction
The polymorphism of Na2U2O7 was investigated by high tem-
perature X-ray diffraction using a Bruker D8 X-ray diffractometer
mounted with a curved Ge monochromator (111), a copper
ceramic X-ray tube (40 kV, 40 mA), a Linx Eye position sensitive
detector, and equipped with an Anton Paar HTK 2000 chamber.
Measurements were conducted in air from room temperature up
to 1373 K. The lattice parameters determined at each temperature
with a Le Bail ﬁt are listed in table 2. The temperature, measured
with a thermocouple, was previously calibrated using the thermal
expansion data of MgO [43]. The uncertainty on the temperature is
estimated to be 20 K at 1473 K. The data were collected by stepTABLE 2
Evolution with temperature of the a; b; c, and b cell parameters, unit cell volume (Vol.
p = 9  104 Pa.
Temperature (K) a/nm b/nm c/
a-Na2U2O7 (Z = 4)
303 1.2778 0.7823 0.
373 1.2802 0.7832 0.
473 1.2840 0.7841 0.
573 1.2877 0.7855 0.
b-Na2U2O7 (Z = 4)
748 1.2946 0.7894 0.
823 1.2974 0.7902 0.
923 1.3012 0.7911 0.
1023 1.3051 0.7919 0.
1123 1.3092 0.7929 0.
1223 1.3130 0.7939 0.
c-Na2U2O7 (Z = 3/2)
1323 0.3987(3) 0.3987(3) 1.
Standard uncertainties u are u(T) = 20 K, uðaÞ = 0.0003 nm, uðbÞ = 0.0003 nm, uðcÞ = 0.000
uðVol:Þ = 0.0005 nm3, uðqÞ = 0.005 g  cm3, uðpÞ = 2  104 Pa.scanning in the angle range 10 6 2h 6 50 for 6 h. Each tempera-
ture plateau was maintained at least 24 h (and at most 72 h), and
continuous successive scans were collected during this time. The
thermal expansion coefﬁcients of Na2U2O7 were derived from
those measurements, as detailed in the Supplementary
Information.
3. Results
3.1. Vaporization behavior of NaUO3
The intensity signals recorded by the quadrupole mass spec-
trometer, while the NaUO3 sample was heated together with silver
up to T = 2300 K, are shown in ﬁgure 1a and ﬁgure 1b. We shall
refer to regions A to C depicted on these ﬁgures throughout all this
work.
The silver calibration signal grows from T = (1040 to 1455) K, at
which point it diminishes suddenly meaning all the silver has
evaporated. The signal of Na+, detected around T = 1170 K,
increases continuously up to T = 1615 K (ﬁgure 1a and ﬁgure 1b).
A change in slope of the signal is observed around T = 1550 K,
which deﬁnes the limit between regions A and B.
In region B, above T = 1550 K, the signals of Oþ2 , NaO
+, and Na2O+
start to augment (ﬁgure 1b). All those signals drop at T = 1615 K
together with Na+. The signals of WO+, WOþ2 , and WO
þ
3 are also
detected in this temperature range (ﬁgure 1a), indicating that the
tungsten cell material is being oxidized [44,45].
Besides, the masses 292, 293, 294, and 296 appear in region A,
which probably correspond to Na2WO
þ
4 (the tungsten having four
isotopes 182W, 183W, 184W, and 186W). The masses 253, 254, 255,
and 257 recorded in region B probably correspond to NaWOþ3 (ﬁg-
ure 1b). The occurrence of such signals suggests that sample and
cell material react to form ternary sodium tungstate compounds.
The intensities of the latter vapor species remain low, however,
indicating a very limited process, that does not inﬂuence the
measurement.
Finally, signals of U+, UO+, UOþ2 , and UO
þ
3 appear around
T = 1755 K, and develop steadily up to T = 2300 K when the mea-
surement was stopped (region C). Such a behavior is typical of
the vaporization process of uranium dioxide [42]. X-ray diffraction
analysis of a sample heated in the Knudsen cell up to T = 2016 K,
and quenched to room temperature, conﬁrmed that only uranium
dioxide was present after heating at this temperature. The cell
parameter was found at a = 0.5471(2) nm, in very good agreement
with the literature for stoichiometric uranium dioxide [46].), and density (q) of a-Na2U2O7, b-Na2U2O7, and c-Na2U2O7 measured at pressure
nm b/ Vol./nm3 q/g  cm3
6880 111.28 0.6409 6.570
6885 111.23 0.6435 6.544
6889 111.21 0.6466 6.512
6895 111.11 0.6507 6.471
6910 110.87 0.6598 6.382
6912 110.80 0.6624 6.357
6916 110.72 0.6659 6.324
6919 110.64 0.6693 6.292
6923 110.55 0.6729 6.258
6926 110.48 0.6763 6.226
8491(3) 90 0.2546 6.202
3 nm, uðbÞ = 0.05.
FIGURE 1. Intensity signals collected as a function of temperature for Na+(23),
Ag+(107,109), WO+(198,199,200,202), WOþ2 (214,215,216,218),
WOþ3 (230,231,232,234), U
+(238), UO+(254), UOþ2 (270), UO
þ
3 (286), O
þ
2 (32),
NaO+(39), Na2O+(62), Na2WO
þ
4 (292,293,294,296), NaWO
þ
3 (253,254,255,257).
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Uranium dioxide is known to present a hypo- and
hyper-stoichiometric homogeneity range, corresponding to the
formula UO2x [46]. Ionization efﬁciency curves, shown in the
Supplementary Information, were hence recorded at T = 2105 K
to determine the composition of the vapor phase, and correspond-
ing stoichiometry of the uranium dioxide solid phase. The sudden
drops in signal intensities visible on ﬁgure 1a and b, at T = (2105
and 2219) K respectively, correspond to two ionization efﬁciency
curves measurements.
The appearance potential data recorded are listed in the
Supplementary Information together with the associated ioniza-
tion and dissociation mechanisms, and a comparison with litera-
ture data.
In the present work, the recorded U+ and UO+ signals come from
the dissociation of UO2(g) vapor species. UO
þ
3 is moreover present
at signiﬁcant levels as shown in ﬁgure 1a, but its intensity rapidly
diminishes as the temperature is increased, indicating a rapid
reduction of the uranium dioxide material with temperature.
The partial pressures of the various vapor species were
subsequently corrected for the dissociation processes. The vaporwas found to be composed of 86.6% UO2(g) and 13.4% UO3(g) at
T = 2105 K. The oxygen potential above the solid sample, which
reﬂects the equilibrium between oxygen in the crystal lattice and
oxygen in the gas phase, was estimated from the partial pressures
of UO2(g) and UO3(g) as described in [47]. The sample’s stoichiom-
etry was ﬁnally estimated from the latter data using the thermody-
namic model developed by Guéneau et al. [48]. The calculation led
to a O/U ratio equal to (1.99 ± 0.01), conﬁrming that the uranium
dioxide formed at the end of region B was very close to stoichiom-
etry, in agreement with the X-ray analysis performed on quenched
samples.
4. Discussion
4.1. Decomposition mechanism of NaUO3
High temperature X-ray diffraction measurements performed
on the NaUO3 material under helium [25] have evidenced the
formation of Na2U2O7 and UO2 between T = (1273 and 1373) K.
The corresponding decomposition reaction can be written as:
3NaUO3ðcrÞ ¼ Na2U2O7ðcrÞ þ UO2ðcrÞ þ NaðgÞ: ð9Þ
Na+ is the only signal detected in region A around T = 1170 K during
the Knudsen experiment. It corresponds to the direct ionization of
Na(g) if we assume that reaction (9) is taking place in this temper-
ature range. The onset of the decomposition reaction is found at
slightly higher temperatures by X-ray diffraction. This is probably
related to the different atmospheric conditions (helium at
P = 1 bar in the X-ray diffraction measurements, vacuum at
P = (107 to 108) mbar in the Knudsen experiment). Moreover,
the amount of Na2U2O7 and UO2 secondary phases formed up to
T = (1273 to 1373) K are probably below detection levels in the
X-ray diffraction measurements.
In region B, the increase of Oþ2 , NaO
+, and Na2O+ signals along-
side Na+, suggests that Na2U2O7 is further decomposing to Na2O
and UO2 according to the reaction:
Na2U2O7ðcrÞ ¼ 2UO2ðcrÞ þ Na2OðcrÞ þ O2ðgÞ: ð10Þ
At those temperature ranges sodium oxide vaporizes according to
the following decomposition mechanisms [49,50]:
Na2OðcrÞ ¼ 2NaðgÞ þ 12O2ðgÞ; ð11Þ
Na2OðcrÞ ¼ Na2OðgÞ; ð12Þ
Na2OðcrÞ ¼ NaOðgÞ þ NaðgÞ: ð13Þ
At any temperature, the resulting congruent vaporizing composi-
tion of sodium oxide imposed by effusion becomes Na2þxO(cr) with
the associated vaporization reaction [51]:
2Na2þxOðcrÞ ¼ 2NaðgÞ þ 12 ð1 2xÞO2ðgÞ þ Na2OðgÞ þ 2xNaOðgÞ:
ð14Þ
The value of x is very small, however, as sodium oxide has a very
narrow homogeneity range [52], and can be considered negligible
in the present study.
Na2O+ is formed by direct ionization of Na2O(g). The NaO+ signal
comes from the dissociation of this same gaseous molecular spe-
cies. The Na+ signal recorded in region B probably has several con-
tributions: mainly the direct ionization of Na(g), but also very
minor contributions from dissociation of Na2O(g). The latter was
neglected in the present work.
The combination of equations (10) and (14) with x = 0 yields the
following equilibrium reaction in region B:
Na2U2O7ðcrÞ ¼ 2UO2ðcrÞ þ NaðgÞ þ 12Na2OðgÞ þ
5
4
O2ðgÞ: ð15Þ
FIGURE 2. Evolution of the solid sample composition by effusion in the ternary
Na–U–O phase diagram.
TABLE 3
Sodium pressures derived from the Knudsen effusion mass spectrometry
measurements.
Ta/K Pb/Pa Ta/K Pb/Pa
1292 0.2484 1401 1.826
1298 0.2804 1408 2.057
1305 0.3130 1414 2.336
1312 0.3535 1421 2.618
1318 0.3978 1427 2.905
1325 0.4508 1433 3.248
1331 0.5131 1440 3.649
1338 0.5851 1447 4.079
1344 0.6618 1454 4.529
1351 0.7463 1461 5.173
1357 0.8447 1467 5.748
1364 0.9614 1471 6.170
1371 1.094 1476 6.735
1378 1.248 1481 7.458
1386 1.420 1489 8.226
1394 1.606 1495 9.104
a Standard uncertainties u are uðTÞ = 10 K.
b Relative standard uncertainties ur are urðPÞ = 0.10.
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þ
2 signals at the end of
region B around T = 1620 K indicates the complete decomposition of
NaUO3 and Na2U2O7 phases at this temperature. Region C ﬁnally
corresponds to the sublimation of the uranium dioxide formed by
effusion as detailed in the experimental section.
So as to conﬁrm those decomposition mechanisms, the sodium
mass loss was estimated with the Hertz–Knudsen relation (7), by
integration of the GNaþ signal along the measurement. The calcula-
tion yielded, at the end of region A, 30% of the total amount of
sodium vaporized during the experiment, the remaining 70%
vaporizing in region B. Those results, in very good agreement with
equations (9) and (15), show that the decomposition of NaUO3 in
region A proceeds as written in equation (9) until all NaUO3 has
disappeared. In other words, the sample evolves by effusion in
region A in the ternary phase ﬁeld UO2–Na2U2O7–NaUO3, while it
evolves in region B on the pseudo-binary section UO2–Na2U2O7
(ﬁgure 2). The variance of the system is equal to 1 and goes to zero
for a given temperature. This implies that at each temperature
point the pressure is ﬁxed, as well as the gas phase composition.FIGURE 3. Sodium partial pressure measured in the ternary phase ﬁeld NaUO3–
Na2U2O7–UO2 and comparison with literature data in neighboring phase ﬁelds of
the Na–U–O phase diagram [27–29].4.2. Derivation of the standard enthalpy of formation of a-Na2U2O7
This is the ﬁrst time the partial pressure of Na(g), PNa, is mea-
sured in the ternary phase ﬁeld NaUO3–Na2U2O7–UO2. PNa was
derived using the Hertz–Knudsen equation (6) (table 3). Its tem-
perature dependence can be represented by the following
least-squares expression2 over the temperature range (1292 to
1495) K:
logðPNa=PaÞ ¼ 10:98ð0:04Þ  14999ð50Þ=ðT=KÞ: ð16Þ
The variation of the sodium partial pressure is compared in ﬁgure 3
to the ones measured in the neighboring phase ﬁelds NaUO3–
Na2UO4–Na2U2O7, NaUO3–Na2UO4–Na4UO5, NaUO3–Na3UO4–
Na4UO5, NaUO3–Na3UO4–UO2, and NaUO3–Na2U2O7–Na6U7O24,
using mass loss (KEML) and mass spectrometric Knudsen (KEMS)
methods [27,28], and a thermogravimetric based transpiration
technique [29]. The slope of our experimental curve is very similar
to the ones reported by Battles et al. [27] and Pankajavelli et al. [29].
The absolute pressure stands between those measured for the tern-
ary phase ﬁelds NaUO3–Na2UO4–Na2U2O7 and NaUO3–Na2UO4–
Na4UO5.2 The quoted uncertainties correspond to the standard deviation on the
least-squares ﬁtting.Considering the equilibrium reaction (9) in the temperature
range (1170 to 1550) K, the enthalpy of reaction DrH
o
mðTÞ is
expressed as follows:
DrH
o
mðTÞ ¼ DfHomðNa2U2O7; cr;TÞ þ DfHomðUO2; cr;TÞ
þ DfHomðNa; g;TÞ  3DfHomðNaUO3; cr;TÞ: ð17Þ
The thermodynamic functions of UO2(cr), Na(g), and NaUO3(cr)
being well referenced in the literature, the present vapor pressure
studies can be used to derive the enthalpy of formation of
Na2U2O7(cr).
The enthalpy of reaction was determined, as shown in ﬁgure 4,
using the second law of thermodynamics (18) at an average tem-
perature Tave along the measurement:
dðlnKPÞ=dð1=TÞ ¼ DrHomðTÞ=R: ð18Þ
KP is the equilibrium constant of reaction (9) equal to:
KPðTÞ ¼ aNa2U2O7  aUO2=aNaUO3
   PNa=Po ; ð19Þ
where aNa2U2O7 ; aUO2 and aNaUO3 are the activities of solids equal to
unity, PNa the partial pressure of sodium, and P
o the standard partial
pressure equal to 1 bar.
FIGURE 4. Linear ﬁt of the curve lnKp as a function of 1/T in region A.
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partial pressure data. This analysis (ﬁgure 4) yielded an enthalpy of
reaction in the range T = (1300.8 to 1470.5) K at (286.2 ±
2.3) kJ mol1 for the average temperature Tave = 1385.6 K. This
corresponds to an enthalpy of formation of Na2U2O7 at
T = 1385.6 K of (3396.2 ± 5.5) kJ mol1.
The enthalpy of reaction at T = 298.15 K was estimated from the
experimental value at Tave, and the theoretical enthalpy increment,
DrH
o
mðTaveÞ–DrHomðT ¼ 298:15 KÞ, the latter being calculated using
the heat capacity data of Na2U2O7(cr), NaUO3(cr) [3], UO2(cr)
[53], and Na(g) [54] tabulated in the literature.
The calculation yielded an enthalpy of reaction at T = 298.15 K
of (298.6 ± 2.3) kJ mol1. The enthalpy of formation of
a-Na2U2O7 at T = 298.15 K was ﬁnally deduced from
equation (17) at DfH
o
mðaNa2U2O7; cr;T ¼ 298:15 KÞ = (3208.4
± 5.5) kJ mol1, in very good agreement with solution calorimetry
studies as detailed in Section 4.5.
This enthalpy of formation was also estimated using the third
law method, which involves the use of the free energy function
FEFomðTÞ:
FEFomðTÞ ¼  GomðTÞ  HomðT ¼ 298:15 KÞ
 	
=T
¼ SomðTÞ  HomðTÞ  HomðT ¼ 298:15 KÞ
 	
=T: ð20Þ
The standard enthalpy of reaction at T = 298.15 K was derived for
each measurement temperature using the equation:
DrH
o
mðT ¼ 298:15 KÞ ¼ RT lnKP þ TDrFEFomðTÞ: ð21Þ
The third law analysis, applied on the temperature range (1292 to
1481) K, yielded an enthalpy of reaction at T = 298.15 K of
(271.6 ± 1.2) kJ mol1, and correspondingly DfHomðaNa2U2O7; cr;
T ¼ 298:15 KÞ = (3235.4 ± 1.2) kJ mol1.
The Gibbs energy of formation of Na2U2O7 was ﬁnally derived
for the temperature range (1292 to 1481) K by combining the
Gibbs energy of reaction, DrG
o
mðTÞ ¼ RT lnKP, determined experi-
mentally from the data of the sodium potential, together with the
Gibbs energies of formation of UO2(cr), Na(g), and NaUO3(cr) tabu-
lated in the literature:
DfG
o
mðNa2U2O7; cr;TÞ=kJ  mol1
¼ 3402:6þ 0:78886ðT=KÞ ðT ¼ 1292 to 1481 KÞ: ð22Þ
Those Gibbs energy values are about 30 kJ mol1 lower than the
value recommended in the literature, however [3], and than the
data of Pankajavelli et al. [29], obtained with the emf method over
the temperature range (812 to 1101) K, and extrapolated to higher
temperatures, as shown in ﬁgure 5. This discrepancy as well as thedifference between the second and third law results are explained
in Section 4.5.4.3. Study of region B
The enthalpy of formation of Na2U2O7 can also be derived from
the equilibrium reaction (15) using an analogous procedure in
region B. The contributions of the ionized species NaO+ and
Na2O+ were added so as to account for the partial pressure of
Na2O(g), while the partial pressures of Na(g) and O2(g) were
directly derived from the signals of Na+ and Oþ2 , respectively.
The values obtained in this temperature range for the enthalpy
of formation of a-Na2U2O7 by second and third law analyses agreed
very well between each other, but were found about 70 kJ mol1
higher than expected [3]. In this temperature range, the signals of
WO+, WOþ2 , and WO
þ
3 are detected at signiﬁcant levels following
the oxidation of the tungsten cell material. The equilibrium reac-
tion, probably more complex than written in (15), should account
for the tungsten oxide species. The experimental results obtained
in this temperature range can hence unfortunately not be exploited
for an accurate determination of the enthalpy of formation of
Na2U2O7, as the measured oxygen pressure does not reﬂect the
equilibrium (15).
4.4. Polymorphism of Na2U2O7
The heat capacity function of Na2U2O7 recommended in the lit-
erature [3], and used in the previous section, was derived from the
enthalpy increment data obtained by Cordfunke et al. over the
temperature range (390 to 926) K using drop calorimetry [55,3].
The authors claimed the existence of a reversible phase transition
from a-Na2U2O7 to b-Na2U2O7 above about 600 K, and from
b-Na2U2O7 to c-Na2U2O7 around T = 1348 K, which they observed
with a high temperature X-ray Guinier camera. The exact temper-
ature of the transitions were not determined [56,55], however, and
the corresponding X-ray diffraction patterns and crystal structures
were not reported. IJdo et al. could solve the structure of the b
phase using high temperature neutron diffraction. They reported
a monoclinic unit cell (Z = 4), in space group C2=m, with lattice
parameters at 773 K: a = 1.2933(1) nm, b = 0.7887(1) nm,
c = 0.69086(8) nm, and b = 110.816(10).
The data of the experimental enthalpy increments as reported
by Cordfunke et al. over the ranges T = (390 to 540) K (a-form)
and (681 to 926) K (b-form), as well as the suggested ﬁtting equa-
tions are shown in ﬁgure 6a and ﬁgure 6b. The enthalpy increment
associated with the transition should be very small according to
those results (around 1.6 kJ mol1 at T = 600 K). Cordfunke et al.
reported very slow kinetics for this phase transition. But in their
experiment the sample was kept several hours in a closed con-
tainer before being ‘‘dropped’’ at T = 298 K, which should allow
the formation of the equilibrium phase of the compound at each
temperature point.
High temperature X-ray diffraction measurements were per-
formed in the present work to gain further insight into the a! b
and b! c transitions. The a-Na2U2O7 material was heated under
helium up to T = 1073 K as reported in another publication [25].
These data were re-assessed in light of the recent structure deter-
mination by IJdo et al. who assigned a monoclinic structure, in
space group P21=a, and not P21 to the a form of the compound.
The evolution of the lattice parameters with temperature is listed
in table 2 and shown in the Supplementary Information.
Besides, the a-Na2U2O7 material was heated at T = 1100 K for
24 h, plus T = 793 K for 48 h, before being quenched below
T = 77 K in liquid nitrogen. The X-ray diffraction pattern obtained
after the quenching experiment is shown in ﬁgure 7b together with
FIGURE 5. Gibbs energy of formation of Na2U2O7 as estimated from the present
study, and comparison with the literature data of Grenthe et al. [3,4], and emf study
of Pankajavelli et al. [29].
FIGURE 6. (a) Enthalpy increments data of Na2U2O7 as reported by Cordfunke et al.
[55] in the a (T = 390 to 540 K) (j) and b (T = 681 to 926 K) ( ) ranges, and ﬁtting
equations. (b) Reduced enthalpy increments for the a (T = 390 to 540 K) (j) and b
(T = 681 to 926 K) ( ) ranges.
FIGURE 7. X-ray diffraction patterns of (a) a-Na2U2O7 (collected at room temper-
ature), (b) of the quenched phase obtained from a-Na2U2O7 after heating at
T = (1100 and 793) K followed by quenching in liquid nitrogen (collected at room
temperature), (c) of b-Na2U2O7 collected at T = 1223 K, and (d) of c-Na2U2O7
collected at T = 1323 K. ⁄Denotes the reﬂections associated with the platinum
heating strip.
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does not correspond to pure b as the authors had expected, but
to a mixture of a and b.The quenched sample was subsequently heated from room
temperature up to 1323 K under air. Up to T = 573 K, no signiﬁcant
change was observed in the X-ray diffraction patterns (shown in
the Supplementary Information), except for a shift to lower 2h val-
ues following the expansion of the unit cell. At T = 623 K, the a
phase started to disappear and transform to b. The transformation
was complete at T = 748 K only, and after 72 h of continuous suc-
cessive scans at this temperature, conﬁrming the slow kinetics of
the a! b transition. No further phase change was observed from
T = (748 to 1223) K. But an increase in intensity was clearly visible,
sign of an improvement of the sample’s crystallinity. The evolution
of the lattice parameters of b-Na2U2O7 in this temperature range is
listed in table 2. The X-ray diffraction pattern of the b phase col-
lected at T = 1223 K is also shown in ﬁgure 7c. As IJdo et al. points
out, a and b have closely related crystal structures. The diffraction
patterns show only small changes, corresponding to a similarly lit-
tle change in entropy, as reﬂected by the small values of the
enthalpies of transition DtrS
o
mðTtrÞ ¼ DtrHomðTtrÞ=Ttr (around
1.6 kJ mol1 at T = 600 K for the a–b transition, and reported at
2.7 kJ mol1 at T = 1322 K for the b–c transition [22]).
The phase transition to c-Na2U2O7 occurred between (1223 and
1323) K (ﬁgure 7). This transition was rapid, by contrast with the
previous one. The c compound is rhombohedral (Z = 3/2), in space
group R3m, and corresponds to the phase synthesized by Gasperin
[57] at T = 1473 K. Gasperin managed inadvertently to synthesize
single crystals of Na2U2O7 while trying to make single crystals of
UNb3O10 in an excess of Na2CO3, and probably quenched this phase
down to room temperature. A Le Bail ﬁt was performed at
T = 1323 K, yielding cell parameters at a = 0.3987(3) nm and
c = 1.8491(3) nm. A complete structural study is out of the scope
of the present work, and should be addressed in future studies.
Upon cooling at T = 923 K, the material transformed back to a
mixture of a and b phases (X-ray diffraction patterns shown in
the Supplementary Information), conﬁrming the reversibility of
the b! c transition. All of the reﬂections appeared shifted to
higher angles compared to the heating ramp, however, probably
due to a slight lifting of the powder with temperature cycling.
The ﬁnal pattern obtained at room temperature, after complete
cooling, corresponded to a phase mixture between a and b.
This experiment therefore conﬁrms the existence of two
phase transitions in Na2U2O7, the ﬁrst one occurring between
TABLE 4
Enthalpy of formation of a-Na2U2O7 at T = 298.15 K.
References Method DfH
o
mðaNa2U2O7; cr;T ¼ 298:15 KÞ/kJ mol1
Cordfunke et al. [23,58,3] Solution Calorimetry 3196.1  3.9
Cordfunke et al. [55] Solution calorimetry 3194.7  1.4
Tso et al. [59] Solution calorimetry 3203.8  2.8
Battles et al. [27] KEML + KEMS 3074.4  31.4
Guillaumont et al. [4] Review 3203.8  4
Present work KEMS (second law) 3208.4  5.5a
KEMS (third law) 3235.4  1.2a
Selected values are shown in bold.
a The uncertainties are standard uncertainties.
206 A.L. Smith et al. / J. Chem. Thermodynamics 90 (2015) 199–208T = (573 and 623) K, and the second one between T = (1223 and
1323) K. This is the ﬁrst time that the rhombohedral phase syn-
thesized by Gasperin [57] is identiﬁed as the high temperature c
modiﬁcation of Na2U2O7, and that coefﬁcients of thermal expan-
sion are reported for b-Na2U2O7. Details regarding the determi-
nation of those coefﬁcients are given in the Supplementary
Information. For a-Na2U2O7, in space group P21=a, these were
derived at: aa ¼ 28:8  106 K1, ab ¼ 14:8  106 K1, ac ¼ 7:9 
106 K1, and ab ¼ 5:3  106 K1 in the temperature range
(298 to 573) K. For b-Na2U2O7, in space group C2=m, they
were estimated at: aa ¼ 30:5  106 K1, ab ¼ 12:0  106 K1,
ac ¼ 4:9  106 K1, and ab ¼ 7:4  106 K1 in the temperature
range (748 to 1223) K.
The present data treatment of the Knudsen effusion mass spec-
trometry measurements takes into account the a–b phase transi-
tion, but does not consider the c form since no thermodynamic
functions were reported for the latter phase in the literature. A
new calorimetric study covering temperatures above 1323 K
would be required to complete the data of Cordfunke et al. and
especially to assess the heat capacity function of c-Na2U2O7 [55,3].4.5. Discussion
The enthalpies of formation of a-Na2U2O7, obtained by second
and third law analyses in region A, are compared in table 4 to
the data reported in the literature. Our second law result,
(3208.4 ± 5.5) kJ mol1, is in very good agreement with the val-
ues derived from solution calorimetry by Cordfunke et al.
(3196.1 ± 3.9) kJ mol1 [23,58,3], (3194.7 ± 1.4) kJ mol1
[55,3], and with the value recommended in [4] -(3203.8 ± 4)
kJmol1 obtained for a high purity sample prepared by thermal
decomposition in oxygen atmosphere of NaUO2(CH3COO)3 [59].
The third law analysis yields a value that is about 30 kJ mol1
too low, however. It is unlikely that this discrepancy comes from
the absolute values of the sodium partial pressures in region A,
as these would need to be about 15 times lower to yield the
expected enthalpy value for a-Na2U2O7. This is excluded given
the very good agreement with the sodium pressures measured in
neighboring phase ﬁelds.
The discrepancy probably originates from a poor description of
the free energy function of either Na2U2O7 or NaUO3. It is sug-
gested that the entropy value of NaUO3 reported in the literature
at SomðNaUO3; cr;T ¼ 298:15 KÞ = (132.8  0.4) J  K1 mol1 [60]
might be overestimated. For comparison, the entropy value esti-
mated with Neumann–Kopp’s rule from the data of UO2 [53],
UO3 [53], and Na2O [61] is equal to 124.1 J  K1 mol1. The
difference with the value reported by Lyon et al. [60]
(8.7 J  K1 mol1) is rather large. When considering the value
SomðNaUO3; cr;T ¼ 298:15 KÞ = 126.4 J  K1 mol1, the standard
enthalpy of formation derived by third law method,
DfH
o
mðaNa2U2O7; cr;T ¼ 298:15 KÞ = (3208.7 ± 0.3) kJ mol1,gives the same result as the second law. Moreover, when applying
this same correction, the Gibbs energy of formation of Na2U2O7 is
derived at:
DfG
o
mðNa2U2O7; cr;TÞ=kJ  mol1
¼ 3402:6þ 0:8082ðT=KÞ ð1292 to 1481 KÞ; ð23Þ
in much better agreement with the recommended literature data
[3,4], and emf study of Pankajavelli et al. [29] as shown in ﬁgure 5.
The low temperature speciﬁc heat of NaUO3 was measured by
Lyon et al. using adiabatic calorimetry [60]. The compound
revealed a non-isothermal peak at (31 ± 1) K related to antiferro-
magnetic ordering, as later conﬁrmed by magnetic susceptibility,
Electron Spin Resonance, and neutron diffraction measurements
[62,63,9]. An eventual error in the derivation of the standard
entropy could not be identiﬁed from their reported experimental
data. But their sample, prepared by hydrogen reduction of
Na2U2O7 and characterized by chemical analysis, infrared spec-
troscopy, and with Debye–Scherrer X-ray powder photographs,
might have contained some small impurity. A possible Na2U2O7
contamination was detected from the infrared spectrum, but the
authors estimated it to be very low (0.5 wt%), so that no corrections
were made to the heat capacity values. Impurities below 5 wt%
such as Na2U2O7, Na2O, or Na, would probably not have been
detected with the Debye–Scherrer technique, however, and would
have been very difﬁcult to quantify accurately by chemical analysis
or infrared spectroscopy. Given that the third law determination
raises some doubts about the tabulated thermodynamic entropy
of NaUO3, we recommend in the present work the second law
value, estimated independently of the latter data: DfH
o
mðaNa2
U2O7; cr;T ¼ 298:15 KÞ = (3208.4 ± 5.5) kJ mol1.
When compared with the vapor pressure studies of Battles et al.
[27], the present investigations have the advantage of not requiring
the determination of the oxygen potential in the ternary phase
ﬁeld, which can be quite a complex process subject to signiﬁcant
uncertainty. The enthalpy of formation as suggested by Battles
et al. [27] for Na2U2O7 using combined KEML and KEMS analyses
is quite far from the recommended value (table 4). In their work
the sodium potential was measured directly and is relatively accu-
rate, but the oxygen potential was calculated indirectly through a
number of steps, the uncertainty on the ﬁrst step being non negli-
gible. As the oxygen potential was too low in most ternary phase
ﬁelds for direct measurement except one (NaUO3–Na2UO4–
Na2U2O7), it was estimated for each three-phases region from the
data of the latter phase ﬁeld and appropriate equilibrium dissocia-
tion reactions between Na(g), O2(g), and solid phases common to
neighboring phase ﬁelds. This calculation was subject to rather
large errors, which explains the rather poor agreement with solu-
tion calorimetry studies.
The same problem occurred for the enthalpy determination of
NaUO3 as shown in table 5. Battles et al. obtained (1440.1
± 17.6) kJ mol1 instead of the value recommended from solution
TABLE 5
Enthalpy of formation of NaUO3 at T = 298.15 K.
References Method DfH
o
mðNaUO3; cr;T ¼ 298:15 KÞ/kJ mol1
Cordfunke and Loopstra [23] Solution calorimetry 1497.6  4.9
Cordfunke and Ouweltjes [64] Solution calorimetry 1494.6  1.7
O’Hare and Hoekstra [65,3] Solution calorimetry 1520.5  3.3
Battles et al. [27] KEML + KEMS 1440.1  17.6
Jayanthi et al. [28] KEML + KEMS 1481.4  13.4
Pankajavelli et al. [29] Transpiration 1496.7  0.5
Guillaumont et al. [4] Review 1494.9  10
Selected values are shown in bold.
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such issues is to use a complementary technique such as emf for
determining the oxygen potential as done in the work of Jayanthi
et al. [28] and Pankajavelli et al. [29].
Jayanthi et al. [28] worked in the NaUO3–Na2UO4–Na2U2O7
ternary phase ﬁeld (over the T = (1117 to 1290) K temperature
range) with a (3:1:2) mixture. The sodium and oxygen potentials
corresponding to the equilibrium reaction (24) were estimated
with the Knudsen effusion mass spectrometry and emf techniques
respectively:
3NaUO3ðcrÞþNa2UO4ðcrÞþ12O2ðgÞ¼2Na2U2O7ðcrÞþNaðgÞ: ð24Þ
The enthalpy of formation was determined from second and third
law treatment, using the thermodynamic functions of Na2UO4(cr),
Na2U2O7(cr), and Na(g) tabulated in the literature. The values
obtained are (1481.4 ± 13.4) kJ mol1, and (1476.7 ± 13.4)
kJ mol1, i.e. in rather good agreement with the literature, even
though about 15 kJ mol1 lower than the recommended value.
Pankajavelli et al. [29] worked with the transpiration technique
in the same ternary phase ﬁeld, but with an equimolar mixture,
based on the equilibrium reaction (25) for the temperature range
(1368 to 1470) K:
NaUO3ðcrÞ þ Na2UO4ðcrÞ ¼ Na2U2O7ðcrÞ þ NaðgÞ: ð25Þ
The authors derived the Gibbs energy of formation of NaUO3 in the
temperature range (1368 to 1470) K, by combining the experimen-
tal data of the sodium potential obtained with the transpiration
technique, together with the Gibbs energy of formation of
Na2U2O7, DfG
o
mðNa2U2O7; cr;TÞ, obtained from emf studies, and with
DfG
o
mðNa2UO4; cr;TÞ, and DfGomðNa; g;TÞ tabulated in the literature.
The authors subsequently derived the enthalpy of formation at
T = 298.15 K by third law analysis using the experimental Gibbs
energy function of NaUO3 together with the values of the free
energy functions of NaUO3(cr), Na(cr), U(cr), and O2(g) given in
the literature. As shown in table 5 the agreement with solution
calorimetry data is very good.5. Conclusion
The present work reports for the ﬁrst time the sodium partial
pressure over the ternary phase ﬁeld NaUO3–Na2U2O7–UO2, hence
complementing similar vaporization studies carried out in neigh-
boring phase ﬁelds of the Na–U–O phase diagram. The enthalpy of for-
mation of a-Na2U2O7 has also been derived by second law analysis at
DfH
o
mðaNa2U2O7; cr; T ¼ 298:15 KÞ =(3208.4 ± 5.5) kJ mol1, in
very good agreement with solution calorimetry studies. The third
law analysis has questioned the reported entropy value for
NaUO3, however, with the possibility of a slight overestimation.
Besides, high temperature X-ray diffraction studies have allowed
to clarify the polymorphism of Na2U2O7: a, monoclinic in space
group P21=a, transforms to b, monoclinic in space group C2=mabove about T = 600 K, and to c, hexagonal in space group R3m,
between T = (1223 and 1323) K. The coefﬁcients of thermal expan-
sion of a and b have also been derived. The present method is
ﬁnally quite promising for the thermodynamic investigation of
the poorly characterized Na–Np–O and Na–Pu–O ternary systems,
and especially for the determination of the enthalpies of formation
of sodium neptunates and sodium plutonates, for which other
investigation techniques such as solution calorimetry are not
always available, as long as no oxygen is formed, or supposing
the determination of the oxygen potential is either possible
directly [30], or available from complementary techniques such
as emf.
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